The aim of this study was to determine the correlation between dynamic changes in serum cytokine/ chemokine expression levels in response to entecavir (ETV) treatment and HBV e antigen (HBeAg) seroconversion in patients with chronic hepatitis B (CHB) Despite the availability of highly effective and safe vaccination for more than 20 years, hepatitis B virus (HBV) chronic infection continues to play an important role in human disease, infecting nearly 350 million people worldwide. Complications are associated with this disease including liver cirrhosis, hepatocellular carcinoma, and hepatic failure, and contributing to an estimated 800,000 premature deaths annually 1 . Recently, the management of chronic hepatitis B (CHB) has been revolutionized by the introduction of long-term nucleoside analogue therapy, which has been proven to reduce liver related complications and improve clinical outcomes 2 . Entecavir (ETV), a nucleoside analogue used for the treatment of CHB, has been shown to achieve favourable outcomes based on direct measures of antiviral efficacy and on several clinical experimental results, including HBV-DNA detection, alanine aminotransferase (ALT) and HBV serologic tests, in both HBV e antigen (HBeAg)-positive and HBeAg-negative CHB patients 3,4 . Furthermore, ETV has a high genetic barrier to resistance with only minimal problems associated with resistance in treatment-naïve and treatment-experienced patients 5 . In addition, treatment with ETV can improve the outcome of liver fibrosis and cirrhosis in patience with CHB 6 . Nevertheless, to our knowledge, the therapeutic effects and immunoregulatory functions of ETV have not been full studied in CHB patients.
However, the exact mechanisms and factors that contribute to HBeAg seroclearance and HBeAb production are not well described. Cytokines not only inhibit viral replication, but determine the predominant pattern of the host immune response 9, 10 . Chemokines, a family of small cytokines, direct the migration of circulating leukocytes to sites of inflammation or injury, and enhance the phagocytic power of the inflammatory cells 11, 12 . As the control of cytokine secretion is highly complex and the interactions between cytokines and their receptors are widespread throughout multiple regulatory networks, screening for multiple biomarkers may elucidate the immunopathogenesis of HBV infection and predict responses to antiviral therapy. Indeed, a previous study reported that the T-cell response and circulating cytokine profile were associated with viral replication and liver function in CHB 13 . Interleukin (IL)-10, IL-12, IL-21 have important roles during the immune clearance phase and hence are associated with HBeAg seroconversion 14, 15 . However, the relationship between multiple cytokines and chemokines and responses to ETV therapy in patients with CHB has not been fully elucidated in the Chinese population.
In this study, we aimed to investigate the dynamic changes in the host immune response by examining serum cytokine and chemokine levels in response to ETV treatment and to determine which cytokines and chemokines are related to HBeAg seroconversion in patients with CHB.
Results
Baseline clinical characteristics of patients. A total of 105 CHB patients (88.2%) completed 5 years of ETV treatment and 14 patients (11.8%) withdrew prematurely; 2.5% withdrew consent, 5.0% deviated from protocol, and 4.2% was lost to follow-up. Among the 105 patients, 71 (67.6%) underwent a liver biopsy, 13 (18.3%) had cirrhosis before treatment, 48 (45.7%) attained HBeAg seroconversion at year 5 post-ETV treatment. Demographic and clinical data of CHB patients and healthy controls are shown in Table 1 . All patients reached normal ALT, AST, TB, and undetectable HBVDNA after 5 years of ETV treatment. The patients and healthy controls had similar age and gender distributions, while higher baseline levels of TB, ALT, AST, along with a lower level of ALB, were found in CHB patients when compared to those in healthy controls. Levels of HBsAg, HBeAg, and HBV DNA at baseline were significantly higher in patients without HBeAg seroconversion than in those with HBeAg seroconversion. No significant differences were found between patient groups with regard to age, sex, HBV genotype, Metavir score, the number of liver biopsy or cirrhosis, TB, ALB, AST, or ALT.
Serum cytokine and chemokine profiles in patients with CHB. Levels of various serum cytokines/ chemokines in patients and in healthy controls were measured. Baseline serum concentrations of all nine cytokines/chemokines were significantly higher in patients with CHB than in healthy controls (p < 0.05). When we subdivided patients into HBeAg seroconversion and non-HBeAg seroconversion, however, no significant differences in the baseline levels of any cytokine/chemokine were found between the two patient groups (Supplementary Table 1 ).
The association of clinical parameters and cytokines/chemokines with hepatic fibrosis before ETV therapy was further evaluated. Compared with the patients without cirrhosis (Metavir score ≤ 3, n = 58), patients with cirrhosis (Metavir score = 4, n = 13) had markedly high levels of AST and PDGF-BB. Marginal differences of IL-6 and HBsAg were also observed between the two patient groups (Supplementary Table 2 ).
Correlation between cytokines/chemokines and biochemical parameters. Several clinical parameters at baseline were examined for their correlation with serum cytokines/chemokines in patients with CHB. Nine serum cytokines/chemokines were significantly positively correlated with values for ALT (p < 0.05) and AST (p < 0.05). MIP-1β was also significantly correlated with HBV DNA (p < 0.05) (Supplementary Table 3 ). Dynamic profile of cytokines/chemokines during antiviral treatment. Longitudinal analysis of each cytokine/chemokine level was carried out at 3, 6, 12, 24, 36 and 60 months after the initiation of ETV therapy (Fig. 1) . A significant difference in dynamic changes for each cytokine/chemokine was observed at year 5 of ETV therapy in each group (p < 0.001). Furthermore, the changes over time in IL-4 and MIP-1β levels significantly differed between patients with and without HBeAg seroconversion (both p < 0.05). However, no significant interaction over time for any cytokine/chemokine examined was found. During the first 3 months of antiviral treatment, an increasing trend in levels of IL-6, PDGF-BB and RANTES was observed in both patient groups, while a trend toward increasing levels of IL-8 and IFN-γ was observed exclusively in patients with HBeAg seroconversion. During month 3 to year 1 of treatment, there was an overall trend toward decreasing levels of all the cytokines/chemokines tested in both groups. However, from year 1 to year 5 of treatment, serum levels of cytokines/chemokines showed opposite trends compared with the first year, except for levels of IL-4, IL-6, and MIP-1α , all of which continued to decrease. Changes in levels of serum cytokines/chemokines in patients with or without HBeAg seroconversion at year 1 and year 5 post-treatment are shown in Table 2 . Significant decreases in levels of ALT, AST, HBsAg, HBeAg as well as the nine cytokines/chemokines were found at year 1 post-treatment in patients both with and without HBeAg seroconversion. Similarly, significant decreases in levels of ALT, AST, HBsAg, HBeAg, IL-4, IL-6, IFN-γ , MIP-1α, PDGF-BB, MIP-1β , and RANTES were found after 5 years of treatment in both patient groups, whereas levels of IL-8 and IP-10 at year 5 post-treatment were significantly lower than those at baseline in patients without HBeAg seroconversion, exclusively.
IP-10 declining associated with year 5 post-treatment in HBeAg seroconversion patients. In patients with HBeAg seroconversion, serum IP-10 levels dropped from 4.0 pg/μ L at baseline to 2.3 pg/μ L at year 1, and remained static at 2.2 pg/μ L at year 2, after which the concentration slightly increased to 2.8 pg/μ L at year 5. In patients without HBeAg seroconversion, however, serum IP-10 levels dropped from 4.3 pg/μ L at baseline to 2.5 pg/μ L at month 3, and continued to decrease to 1.3 pg/μ L at year 1, after which levels increased to 1.8 pg/μ L at year 2 and reached their highest levels of 2.5 pg/μ L at year 5 ( Fig. 1) . The decrease rate of IP-10 levels after 1 year of ETV treatment [(baseline-year1)/baseline] (59.1% vs. 37.1%, p = 0.005) in patients without HBeAg seroconversion was significantly higher than that in patients with HBeAg seroconversion ( Table 2 ). The decrease in IP-10 levels (Δ IP-10) was significantly correlated with a decrease in ALT (Δ ALT) and AST (Δ AST) during 5 years of ETV treatment in both groups, respectively (Fig. 2) . However, no correlations were observed between Δ IP-10 with decrease in TB, HBsAg, HBeAg, and HBV DNA in either group.
The decrease rate of IP-10 levels after 1 year of treatment was further arranged in ascending order, and subsequently, subjects were sorted into three groups according to tertiles of the values. Figure 3 shows the treatment response of all 105 patients according to the decrease rate of IP-10 levels after 1 year of ETV treatment. 24 (68.6%), 14 (40.0%) and 10 (28.6%) patients achieved a year 5 HBeAg seroconversion in the low tertile group, middle tertile group and high tertile group, respectively. The proportion of patients who developed HBeAg seroconversion after 5 years of therapy in low tertile group was much higher than those in the other two groups (p < 0.05). Using multivariable Cox logistic regression the low decrease rate of IP-10 levels after 1 year of ETV treatment was an independent predictor of HBeAg seroconversion at year 5 (Hazard ratio [HR] = 0.972, 95% confidence interval [CI] = 0.948-0.996, p = 0.012, Table 3 ).
ROC curves were plotted to define the optimal cutoff values of decrease rate of IP-10 levels after 1 year of treatment for discriminating a year 5 HBeAg seroconversion in HBeAg-positive patients. The area under ROC curve was 0.752 (p = 0.005) with a sensitivity of 76.0% and a specificity of 71.0% under the cutoff value of 54.5% (Fig. 4) . When the cutoff value of 54.5% was applied to assess the cumulative rates of HBeAg seroconversion during ETV treatment, patients with decrease rate of IP-10 ≤ 54.5% were found to achieve significantly higher probability of HBeAg seroconversion (HR: 2.977, 95% CI: 1.574-5.631, p = 0.001, Fig. 5 ).
Discussion
ETV has significant efficiency and good tolerability in inhibiting HBV and successfully been used to treat various HBV patients 6 . In the present study, after 1 year of ETV antiviral treatment, AST and TB levels in all patients were considered to be normal. ALT levels in all patients in the HBeAg seroconversion group decreased to normal values and HBV DNA in 89.6% (43/48) was also below the detection limit; in the patient cohort without HBeAg seroconversion, there were ten patients (17.5%) whose ALT levels were abnormal, and the percentage of patients whose HBV DNA levels were below the detection limit was 56.1% (32/57), however, the HBV DNA levels in all other patients without HBeAg seroconversion were below 10 5 IU/mL. After year 5 of ETV antiviral treatment, ALT, AST, and TB, as well as HBV DNA of all patients recovered to normal levels. These results suggest that treatment of ETV can effectively improve the biochemical and virological features of HBV patients and is consistent with the results of previous studies 16, 17 . Moreover, our results demonstrate that IP-10 has a potential to be an independent prognostic factor for HBeAg seroconversion of the patients with 5 years ETV treatment.
After the initial non-specific immunity response to the HBV virus, specific immunity plays a critical role in fighting against the surviving virus IL-5, IL-6 and IL-13, all of which inhibit Th1 cytokines and mediate humoral immunity 19, 20 . The Th2 immunity response is associated with the chronicity of HBV infection and it is well known that the imbalance of the Th1/ Th2 immune response is reflected by an imbalance of cytokines and is one of the important factors affecting the clearance of viruses which ultimately lead to the chronicity of the infection 21, 22 . Our study showed that concentrations of cytokines in patients with CHB were significantly higher than normal control subjects, which implies that after the infection of HBV, the immune system is activated and the Th1/Th2 balance is re-established through high cytokine levels 20, 23 . Chemokines interact with their various receptors help to regulate the migration of immune cells and play a very important role in the body's immune response. Excessive or abnormal expression of chemokines can lead to excessive inflammation and studies have shown inflammatory infiltration of liver tissue is accompanied by an increased expression of chemokines 24, 25 . Chemokines mediate the recognition, adhesion, and infiltration of Th1 lymphocytes. A Previous study suggested that MIP-1α and MIP-1β could promote liver fibrosis and mediate the infiltration of T cells with high expression of CCR5 in the portal area, leading to an imbalance in the immune response and the persistent infection of HBV 26 . Our study indicated that serum levels of MIP-1β were positively correlated with the replicative activity of HBV which further supports the theory that MIP-1β is associated with persistent HBV infection and may be of therapeutic potential target in anti-HBV treatment. The role of MIP-1β in chronic HBV infection can be elucidated by investigating the correlation of MIP-1β and the stratification of the HBV DNA load. IP-10 selectively induces the chemotaxis of CXC3 receptor expressing Th1 cells which enhances the Th1 response and increases the secretion of IFN-γ , all of which ultimately induces and maintains the chronic inflammatory response 27 . Correlation analysis of the levels of cytokines and chemokines with clinical parameters at baseline in our study indicated that the levels of these factors were positively correlated with the levels of ALT, AST and TB. Therefore, to a certain extent, the serum levels of these cytokines and chemokines reflect the inflammation activity of chronic HBV infection and can serve as indicators measuring the severity of liver damage.
Our study found that relative to the baseline level, the levels of cytokines and chemokines changed significantly after 5 years post-ETV treatment in both groups studied. Interestingly, levels of the various cytokines and chemokines tested were significantly reduced after 1 year of antiviral treatment. This suggests that after HBV replication was effectively inhibited by ETV, the immune response of the patients also underwent significant changes 28 . Results suggest that the inflammatory response decreased, damage of liver was reduced and the ability of the body to the clear the virus gradually recovered. However, the detailed mechanisms associated with the reduction in inflammation after 1 year post-ETV antiviral treatment remains unclear. We propose that the reduction of the inflammatory response may be associated with the decrease of the virus load after treatment and mitigation of antigen stimulation 9 . Moreover, immunological tolerance may also play a role. Since the elimination of HBV needs HBV-specific T lymphocytes, if the ability of HBV antigen-specific CD8+ T cells could not effectively clear HBV, immune tolerance to HBV may occur. This may also explain why the seroconversion rate is usually unsatisfactory following nucleotide analog treatment, as the immune response has yet to be fully restored 29 . Furthermore, during last 4 years of the 5 year post-ETV treatment, only IL-4, IL-6 and MIP-1α continued to decrease, while other factors increased to varying degrees. This implies the host immune response varies with the stages of chronic HBV infection and exhibits diverse processes during the antiviral treatment 30 . IP-10 is a member of the non-ELR (glutamic-leucine-arginine) motif CXC chemokine family. A previous study showed that expression of IP-10 is upregulated in chronic HBV infection. IP-10 mediates the inflammation response and is associated with the chronicity of hepatitis B 27 . Our results showed that decreases in serum IP-10 levels after 5 years post-ETV treatment was significantly positively correlated with a decrease in ALT and AST, suggesting that the levels of IP-10 dynamically reflected the severity of the damage of hepatocytes caused by active inflammation of HBV and IP-10 may be a valuable marker for evaluating the process of chronic HBV infection. Our study also showed the levels of IP-10 were independent of the replicative activity of HBV which was consistent with the opinion that the replicative level of HBV is not always positively correlated with the severity of liver inflammation 31 . Wong et al. showed that pre-treatment levels of IP-10, as well as the change of IP-10 during the treatment, was irrelevant to the HBsAg seroconversion and that only post-treatment levels of IP-10 were associated with the HBsAg seroconversion 32 . Another study suggested that a high level of IP-10 before the treatment of interferon facilitated the negative conversion of serum HBeAg 33 . In the current study, we did not find any association between baseline levels of IP-10 and HBeAg seroconversion with 5 year antiviral treatment, however, we did find that the degree of IP-10 decrease was closely correlated with HBeAg seroconversion. Specifically, after 1 year of treatment, the degree of IP-10 decrease was significantly lower in the HBeAg seroconversion group than in the HBeAg non-seroconversion group. Our study suggests that during ETV treatment, maintaining a high level of serum IP-10 is paramount for long-term HBeAg seroconversion. The degree of IP-10 decrease after 1 year post-ETV treatment is probably an independent predictive factor for HBeAg seroconversion after 5 years post-treatment. A previous study indicated that IP-10 in HBV-infected patients was predominantly produced by hepatocytes, and was seldom produced in any other organ analyzed 34 . Therefore, compared to other cytokines which can be produced by multiple organs, such as TNF-α , IP-10 is more likely to be a highly-specific and sensitive indicator to predict inflammatory injury of liver. Furthermore, dynamically monitoring the serum levels of IP-10 in HBV-infected patients during antiviral treatment is helpful for predicting the prognostic prediction of HBV patients and long-term efficacy of this treatment.
In conclusion, our study indicates that ETV antiviral treatment can effectively control HBV replication and improve liver function. Additionally, IL-4 and MIP-1β may play an important role in HBeAg seroconversion, although further studies are needed to determine the role of these cytokines in this process. Finally, the change in IP-10 levels during ETV treatment is closely associated with long-term HBeAg seroconversion and the decrease in IP-10 maybe an independent predictive factor for HBeAg seroconversion after 5 years post-ETV treatment.
Although patients with and without HBeAg seroconversion had been matched in several important clinical parameters (sex, age, HBV genotype and cirrhosis status), there might still be unmeasured confounders, which is one of the study's limitations. We only found a significant association between PDGF-BB level and cirrhosis before treatment, which may be related with exclusion of patients with decompensated liver cirrhosis in our study, but this finding should be interpreted with caution due to the relatively small number of patients who had both cytokines/chemokines measurements and liver biopsies. Furthermore, a study should be carried out to evaluate the histological findings and the relationship between cytokines/chemokines and HBV-induced cirrhosis in a large cohort of CHB patients.
Methods
Subject enrollment. One hundred and nineteen consecutive treatment-naïve CHB patients who were treated orally with 0.5 mg of ETV daily at the Department of Infectious Diseases of the First affiliated Hospital of Zhejiang University, Hangzhou, China from April 2007 to January 2015 were recruited for the study. The definition of CHB was determined according to the diagnostic standard of the National Program for Prevention and Treatment of Viral Hepatitis 35, 36 . Patients were administered ETV based on the following criteria: (1) all patients were hepatitis B surface antigen (HBsAg) positive for at least 6 months before treatment; (2) patient HBV DNA levels were > 20,000 IU/mL; (3) patients had increased ALT levels, but these levels were ≤ 10 × upper limit of normal [ULN] or histological levels found in chronic active hepatitis; (4) the ETV treatment was naïve; (5) patients were aged between 18 and 65 years in the enrolling year. Exclusion criteria for patients with CHB were (1) co-infection with either hepatitis A, hepatitis C, or hepatitis D viruses or human immunodeficiency virus; (2) alcoholor drug-induced autoimmune liver diseases, other acquired or inherited causes of liver disease, decompensated liver cirrhosis or (3) other severe diseases. A detailed description is shown in our previous report 37 . The diagnosis of liver fibrosis or cirrhosis before antiviral treatment was based on liver biopsies. All histological specimens from the eligible patients were evaluated by an experienced pathologist. Histological changes were evaluated according to the Metavir scoring scheme 38 . Healthy controls (n = 68) with normal serum ALT levels and undetectable HBsAg were enrolled from the Health Examination Center of the First affiliated Hospital of Zhejiang University and were matched for age and gender with CHB patients.
Patients were followed-up and blood samples were collected every 3 months during the first year and every 6 months thereafter for clinical assessments including liver biochemical tests, hematologic examinations, serological hepatitis B markers and serial HBV DNA levels. HBeAg seroconversion was defined as HBeAg loss with formation of anti-HBe antibody (HBeAb). This study was conducted in agreement with the ethical principles of the Declaration of Helsinki, and the study protocol was approved by the Ethics Committee of the First Affiliated Hospital of Zhejiang University. Written informed consent was obtained from each patient before the initiation of the study.
Laboratory assays. Blood samples of patients who had fasted were obtained from an antecubital vein and used for subsequent analyses. Serum was isolated from the peripheral blood and stored at − 80 °C until the concentrations of cytokines were measured. Levels of serum albumin (ALB), ALT, aspartate aminotransferase (AST), and total bilirubin (TB) were determined using a Hitachi 7600 analyzer (Hitachi Ltd., Tokyo, Japan) with dedicated reagents (Roche Diagnostics, Mannheim, Germany). HBV genotype was determined by nested PCR using type-specific primers 39 . Serum HBV DNA levels were assayed using COBAS Amplicor/COBAS TaqMan HBV test (Roche Diagnostics, Indianapolis, IN, USA) with a detection limit of 20 IU/mL according to the manufacturer's instructions. HBV serologic tests for HBsAg, HBeAg, anti-HBs antibody, and HBeAb were conducted by enzyme immunoassay (AxSYM; Abbott Laboratories, Abbott Park, IL, USA). Statistical analysis. The data were expressed as the mean and standard deviation for continuous variables, and as absolute and relative frequencies for categorical variables. Continuous variables were compared using Student's t test or Mann-Whitney U test for two independent groups and a paired t test for two related groups. The χ 2 test or Fisher exact test was used to compare the difference in proportions between the treatment groups. Spearman rank correlation was used to evaluate the relationship between parameters. To determine independent predictive factors for HBeAg seroconversion, variables with a probability (p) value < 0.1 in univariate analysis were included in a multivariate Cox proportional hazard regression model. The accuracy of decreases in serum cytokines to predict HBeAg seroconversion was assessed using the receiver operating characteristic curve (ROC). Kaplan-Meier curves were used for the estimation of outcome rates over time. All statistical tests were performed using SPSS, version 16.0 (SPSS Inc., Chicago, IL, USA) and p < 0.05 was considered statistically significant.
